Carbonyl compounds are ubiquitous in atmospheric multiphase system participating in gas, particle, and aqueous-2 phase chemistry. One important compound is methyl ethyl ketone (MEK), as it is detected in significant amounts 3 in the gas phase as well as in cloud water, ice, and rain. Consequently, it can be expected that MEK influences the 4 liquid phase chemistry. Therefore, the oxidation of MEK and the formation of corresponding oxidation products 5 were investigated in the aqueous phase. Several oxidation products were identified from the oxidation with OH 6 radicals, including 2,3-butanedione, hydroxyacetone, and methylglyoxal. The molar yields were 29.5% for 7 2,3-butanedione, 3.0% for hydroxyacetone, and 9.5% for methylglyoxal. Since methylglyoxal is often related to 8 the formation of organics in the aqueous phase, MEK should be considered for the formation of aqueous secondary 9 organic aerosol (aqSOA). Based on the experimentally obtained data, a reaction mechanism for the formation of 10 methylglyoxal has been developed and evaluated with a model study. Besides known rate constants, the model 11 contains measured photolysis rate constants for MEK (kp = 5 × 10 -5 s -1 ), 2,3-butanedione (kp = 9 × 10 -6 s -1 ), 12 methylglyoxal (kp = 3 × 10 -5 s -1 ), and hydroxyacetone (kp = 2 × 10 -5 s -1 ). From the model predictions, a branching 13 ratio of 60/40 for primary/secondary H-atom abstraction at the MEK skeleton was found. This branching ratio 14 reproduces the experiment results very well, especially the methylglyoxal formation, which showed excellent 15 agreement. Overall, this study demonstrates MEK as a methylglyoxal precursor compound for the first time.
Introduction

18
In the last decades, carbonyl compounds have been a subject of intense research due to their ubiquitous abundance 19 and their effect on atmospheric chemistry and human health. They are emitted directly from biogenic and 20 anthropogenic sources or formed through the oxidation of hydrocarbons (e.g., Atkinson, 1997; Matthews and 21 Howell, 1981; Lipari et al., 1984; Ciccioli et al., 1993; Mopper and Stahovec, 1986; Carlier et al., 1986; Hallquist higher Henry constant supports the conclusion from van Pinxteren et al. (2005) and tends to support the 48 investigation of MEK in the liquid phase as aqSOA precursor compound. AqSOA is formed through the oxidation 49 of organic compounds in the aqueous particle phase and is often related to missing SOA sources. These missing 136 1999) and they are prone to photolysis (Faust et al., 1997; Tan et al., 2010) . The photolysis rate constants of the 137 detected carbonyl compounds were determined in the present study because of the dependency on the setup used 138 (Set 7; see supplement S2 for more details). Methylglyoxal and hydroxyacetone showed higher photolysis rate 139 constants of kp = 3 × 10 -5 s -1 and kp = 2 × 10 -5 s -1 in comparison to 2,3-butanedione (kp = 9 × 10 -6 s -1 ). This 140 indicates a faster decomposition compared to 2,3-butanedione of methylglyoxal and hydroxyacetone, which 141 showed a complete consumption at the end of the experiment (Fig. 1) . 2,3-Butanedione was not completely 142 consumed during the reaction time of 4 hours, which might be a result of the lower photolysis rate constants.
143
Furthermore, during the photolysis of 2,3-butanedione and hydroxyacetone, methylglyoxal was found with molar 144 yields of ≈ 17% and ≈ 19%, respectively (see Fig. S2 , supplement S2). Due to the low molar yield of 145 hydroxyacetone during the oxidation of MEK (≈ 3%) and the slow photolysis rate constant of 2,3-butanedione, 146 these processes are of minor importance for the methylglyoxal yield.
147
For 2,3-butanedione, a huge discrepancy of the rate constants for the OH radical oxidation can be found 148 between the different literature studies. They vary by one order of magnitude in a range of k = 1.4 × 10 8 M -1 s -1 149 (Gligorovski and Herrmann, 2004) up to k = 1.86 × 10 9 M -1 s -1 (Doussin and Monod, 2013) . Rate constants were 150 determined between k = 5.3 × 10 8 M -1 s -1 and k = 1.1 × 10 9 M -1 s -1 for methylglyoxal (Monod et al., 2005; Ervens 151 et al., 2003; Herrmann et al., 2005; Tan et al., 2010) and between k = 0.8 × 10 9 M -1 s -1 and k = 1.2 × 10 9 M -1 s -1 152 for hydroxyacetone (Stefan and Bolton, 1999; Herrmann et al., 2005) . In consideration of the similar rate constant 153 for 2,3-butanedione determined by Lilie et al. (1968) (k = 1.8 × 10 8 M -1 s -1 ) and Gligorovski and Herrmann (2004) 
154
(k = 1.4 × 10 8 M -1 s -1 ), 2,3-butanedione revealed a slower OH radical reaction than methylglyoxal and 155 hydroxyacetone. This is in good agreement with the experimental results obtained in the present study.
156
Since 2,3-butanedione is the main oxidation product, it was necessary to investigate the contribution of 157 2,3-butanedione to the product distribution, especially for the formation of methylglyoxal. In the oxidation of 2,3-158 butanedione (Set 5), no methylglyoxal was detected in the GC/MS chromatogram over a reaction period of 159 240 min (Fig. 2) . Consequently, a contribution of 2,3-butanedione to the methylglyoxal formation could be 160 excluded.
161
Despite the low molar yield of hydroxyacetone during MEK oxidation, the oxidation of hydroxyacetone 162 was investigated for methylglyoxal formation as well (Herrmann et al., 2005; Schaefer et al., 2012; Set 6) . During 163 the oxidation, a molar yield of 100% was found after a reaction time of 60 minutes (see supplement S3, Fig. S3 ).
164
After 60 minutes of reaction time, the molar yield of methylglyoxal decreases through further reactions, as was 165 observed during MEK oxidation. However, due to the low molar yield of hydroxyacetone (3.0%), the oxidation 166 has only minor importance for the observed molar yield of methylglyoxal.
167
To ensure methylglyoxal was only formed during the oxidation of MEK, an experiment was conducted 168 to investigate the non-radical reaction of MEK with H2O2 in the dark (Set 2). During this experiment, no 169 decomposition of MEK was observed, excluding the non-radical reaction of MEK with H2O2 as a source of 170 methylglyoxal. Furthermore, the photolysis of MEK has to be considered as a source for methylglyoxal. Hence, 6 the photolysis of MEK was studied at λ = 254 nm (Set 3). As can be seen in Fig. 3 , the photolysis of MEK leads 172 to the formation of 2,3-butanedione with a molar yield of ≈ 2.2% indicating that the photolysis of MEK is an 173 additional source. No further carbonyl compounds were detected from the photolysis of MEK, and thus, the 174 photolysis of MEK can be excluded as a methylglyoxal source. The blank experiment (Set 4) indicated the absence 175 of methylglyoxal as well.
176
In summary, the oxidation of MEK constitutes a source for methylglyoxal, and due to the high 177 concentration of MEK in cloud water (70 -650 nmol L -1 ; Grosjean and Wright, 1983; van Pinxteren et al., 2005) , 178 this source is of atmospheric relevance. Due to the molar yields of 9.5% for methylglyoxal, 29.5% for 2,3-179 butanedione, and 3.0% for hydroxyacetone, ≈ 42% of the oxidation products of MEK could be elucidated in the 180 present study with only these carbonyl compounds (Table 2 ). This highlights the importance of carbonyl 181 compounds for the aqueous phase chemistry. Based on the experimental findings, a reaction mechanism was 182 developed to describe the formation of methylglyoxal ( Fig. 4 ).
183
Oxidation mechanism and model description 184
According to the structure of MEK, the OH radical attack can proceed at three different positions ( Fig. 4 ; H-atoms 185 at carbons 1, 3, and 4). For the present study, only the attack at carbons 3 and 4 is considered because these 186 processes lead to the formation of the observed products ( Fig. 4 ). Note that the abstraction of a hydrogen atom at 187 carbon 3 leads to a secondary alkyl radical (A), whereas at the terminal carbon, a primary alkyl radical is formed 188 (B). The branching ratios for the formation of the primary and secondary alkyl radicals will be discussed in detail 189 in the next section (Sect. 3.2.1).
190
The primary and secondary alkyl radicals react rapidly with oxygen to form alkylperoxy radicals. The alkylperoxy 191 radical recombines to a tetroxide and reacts further in three different ways, including the formation of an carbonyl 192 compound and an alcohol (i), the formation of two carbonyl compounds and H2O2 (ii), and the decomposition into 193 an alkoxy radical (iii) (von Sonntag and Schuchmann, 1991) . The decomposition of the tetroxide into a peroxide 194 and oxygen was not considered further due to the minor importance of this process (von Sonntag and Schuchmann, 195 1997). The secondary and primary alkylperoxy radicals can react with HO2, forming organic hydroperoxides. The 196 organic peroxides react with OH radicals or photolyze, resulting in the formation of an alkoxy radical or tetroxide 197 that can react further, as described before through pathways i-iii. The described mechanism was included in a 198 COPASI model to examine the developed oxidation mechanism, the decomposition of the precursor compound, 199 and the formation of the observed products. Table 3 shows the considered reactions, the rate constants, and their 200 references. Only the reactions leading to the formation of the products identified are discussed in detail.
201 Surprisingly, the products 3-oxobutanal and hydroxybutanone were not observed during the experiments. Since 
HOx chemistry and OH radical attack 213
The relevant reactions for HOx chemistry according to R1-R6 are included in the mechanism. OH radicals were 214 formed through the photolysis of H2O2 at λ = 254 nm with measured photolysis rate constants of kp = 7.6 × 10 -6 s -1 215 (R1, see supplement S1). The formed OH radicals react further with MEK in a first oxidation step, leading to the 216 formation of a primary (R7) and secondary alkyl radical (R8). The rate constants were postulated by 
224
The results are shown in Fig. 6 and discussed based on the molar yields of the products. As can be seen 225 for 2,3-butanedione ( Fig. 6A ), a branching ratio of 60% for the primary H-atom abstraction and 40% for the 226 secondary H-atom abstraction leads to lower molar yields, whereas the molar yields start to increase with an 227 increasing fraction of secondary H-atom abstraction. According to the mechanism (Fig. 4) , 2,3-butanedione is 228 only formed via secondary H-atom abstraction, and thus, it is feasible to reach higher molar yields with a higher 229 fraction of secondary H-atom abstraction. However, with an increasing secondary H-atom abstraction, the 230 experimentally determined concentration was increasingly overestimated, especially at the beginning of the 231 experiment. After 60 minutes of reaction time, the highest experimentally determined molar yield (29.5 ± 6.0%) 232 was overestimated by a factor of ≈ 2 with a ratio of 10/90 for primary/secondary H-atom abstraction (molar yield 233 ≈ 49.9%), whereas a ratio of 60/40 resulted in reasonably good agreement (molar yield ≈ 23.7%). Based on this, 234 a branching ratio of 60/40 for primary/secondary H-atom abstraction was used in the present model.
235
In contrast, methylglyoxal molar yields were increasingly underestimated with an increasing fraction of 236 secondary H-atom abstraction (Fig. 6B ). Thus, after 15 minutes of reaction time, the experimental molar yield 237 (≈ 9.5%) was underestimated by a factor of ≈ 5 with a higher fraction of the secondary H-atom abstraction (molar 238 yield ≈ 2%). In comparison with a ratio of 60/40 for primary/secondary H-atom abstraction, a molar yield of 239 ≈ 11.4% was observed, which is in good agreement with the experiment. Overall, the branching ratio of 60/40 240 (primary/secondary H-atom abstraction) resulted in reasonable agreement for 2,3-butanedione and in an excellent 241 conformity to the methylglyoxal molar yields. This shows the importance of the primary H-atom abstraction as 242 the main decomposition pathway of MEK and thus for methylglyoxal formation.
243
The primary and secondary alkyl radicals react further with oxygen (R9/R21) with a rate constant of 244 k = 3.1 × 10 9 M -1 s -1 (Zegota et al., 1986; Glowa et al., 2000) , which was reported for the formation of 
258
In addition to the discussed pathway, the primary alkylperoxy radical has the opportunity to react with 259 HO2 instead of the recombination, forming an organic hydroperoxide (R14). The rate constant was reported by also has the opportunity to react with HO2 to form an organic peroxide (R25), which photolyzes (R26; 281 k = 7.6 × 10 -7 s -1 ) or reacts further with OH radicals (R28; k = 2.7 × 10 7 M -1 s -1 ). Through the photolysis, an 282 alkoxy radical was formed that leads to methylglyoxal, 2,3-butanedione, a methyl group, and HO2 radicals 283 (R27; k = 4 × 10 7 M -1 s -1 ). 
293
2,3-Butanedione is also prone to OH radical oxidation and photolysis. As discussed, a huge discrepancy 294 exists in the rate constants for the reaction of OH radicals with 2,3-butanedione (Lilie et al., 1968; Doussin and 295 Monod 2013; Gligorovski and Herrmann, 2004) . In the present study, the value of k = 1.4 × 10 8 M -1 s -1 (R31) 296 determined by Gligorovski and Herrmann (2004) was used. The higher rate constants reported by Lilie et al.
297
(1968) and Doussin and Monod (2013) resulted in consumption that was too fast. The photolysis was included 298 with a rate constant of kp = 9 × 10 -6 s -1 in the COPASI model (R32). It should be mentioned that methylglyoxal 299 was formed during the photolysis of 2,3-butanedione. However, the photolysis was too small to contribute 300 significantly to methylglyoxal formation. For more details, see supplement S2.
301
The oxidation of hydroxyacetone with OH radicals was also considered in the model study with a rate 302 constant of k = 8 × 10 8 M -1 s -1 (R33; Stefan and Bolton, 1999) . During the experiment, methylglyoxal was formed 303 with 100% molar yield. Thus, the reaction of hydroxyacetone to methylglyoxal was included in the model study.
304
The photolysis of hydroxyacetone was measured with a rate of kp = 2 × 10 -5 s -1 , leading to methylglyoxal with a 305 molar yield of ≈ 19% (R34). The photolysis rate constant of MEK was measured as kp = 5 × 10 -5 s -1 (see 306 supplement S2, Fig. S1 ). During the experiment, 2,3-butanedione was found with a molar yield of 2.2%. Thus, 307 the reaction of MEK leading to 2,3-butanedione was included in the model study (R35). The described reactions are included in a model, and the decomposition of MEK and molar yields of 310 formed products were compared to the experimentally obtained data (Fig. 7) . The model was not validated with 311 the time course of hydroxyacetone due to the high standard deviation of the experimental results. The comparison 312 of the model study and the experiment showed very good agreement for the consumption of MEK (Fig. 7A) .
313
There is also good agreement for the formation of methylglyoxal and limited agreement for the molar yields of 314 2,3-butanedione. The initial high molar yield of 2,3-butanedione is reflected well (Fig. 7B) . Thus, after 60 minutes 315 of reaction time, molar yields of 23.7% in the model study and 29.5 ± 6.0% in the experiment were reached. Under 316 consideration of the standard deviation, this is in good agreement with the COPASI model.
317
The determined molar yields up to a reaction time of 120 minutes showed very good conformity with the 318 experiment (18.2% and 22.1 ± 9.0%). The temporal behavior shows that the determined molar yield in the model 319 study is somewhat lower towards the end of the experiment. Hence, it is possible that there are other reaction 320 pathways that lead to higher molar yields of 2,3-butanedione at the end of the experiment, which are not 321 considered in the model study as of now. Good agreement between the model results and experiment was observed 322 for methylglyoxal (Fig. 7C) . The curve shapes are very similar, and hence, fast formation and decomposition of 323 methylglyoxal were found in the model study and in the experiment. After 15 minutes of reaction time, a molar 324 yield of 9.5% was found in the experiment. In comparison, the model study resulted in a molar yield of 11.4%, 325 which is in good agreement with the experiment and validates the COPASI model. The sources of methylglyoxal in the aqueous phase are thus-far not fully elucidated. Methylglyoxal can originate 328 in the atmospheric aqueous phase through i) uptake from the gas phase, and/or ii) formation in the aqueous phase.
329
The importance of the uptake from the gas into the aqueous phase is discussed in the literature but large 330 discrepancies can be found. Kroll et al. (2005) investigated the uptake of methylglyoxal on inorganic seed particles 331 under varying relative humidity. It was found that the uptake was not relevant for methylglyoxal even under high 332 relative humidity. Contrary, Zhao et al. (2006) measured an uptake coefficient of γ = 7.6 × 10 -3 on acidic solution.
333
They found an irreversible uptake, which decreases with increasing acidity. Fu et al. (2008 Fu et al. ( , 2009 ) determined an 334 uptake coefficient on aqueous particles and cloud droplets γ = 2.9 × 10 -3 , which is in good agreement with the 335 uptake coefficient measured by Zhao et al. (2006) . Lin et al. (2014) modelled an uptake coefficient for several 336 case studies with different multiphase process mechanisms. The uptake coefficient in deliquescent particles was 337 determined to be γ = 1.47 -2.92 × 10 -5 . Overall, γ was two orders of magnitude lower compared to the values 338 determined by Zhao et al. (2006 ) and Fu et al. (2008 , 2009 showing the discrepancies between the different 339 studies available in literature.
340
The in-situ formation of methylglyoxal in the aqueous phase could be an important source as well (Blando and 341 Turpin, 2000; Sempere and Kawamura 1994) . Within the present study, MEK was found as a new precursor 342 compound for methylglyoxal in the aqueous phase yielding methylglyoxal with a molar yield of 9.5%. Although 
348
As, the oxidation of MEK yielding methylglyoxal has not been studied much before, it should be considered as a 349 formation process of methylglyoxal. 
352
In the present study, MEK was identified as a new source for methylglyoxal in the aqueous phase. It was 353 demonstrated that methylglyoxal originates directly from MEK oxidation and not from side reactions such as 354 photolysis or non-radical reactions. A molar yield of ≈ 9.5% was determined during the oxidation. Based on the 355 experimental results, a reaction mechanism could be developed. The calculations with a COPASI model supported 356 the experimental results and confirm MEK as a precursor compound for methylglyoxal in aqueous medium.
357
Further carbonyl compounds could be identified and quantified. 2,3-Butanedione was found as the main 358 oxidation product (molar yield ≈ 29.5%) and was formed during the photolysis of MEK as well. As a further 359 oxidation product, hydroxyacetone was identified and was formed with a molar yield of ≈ 3.0% during the 360 oxidation of MEK.
361
The oxidation mechanism of MEK in aqueous solution was elucidated, and MEK was demonstrated to 362 be as a precursor compound for methylglyoxal in the aqueous phase. Regarding the important role of 363 methylglyoxal for the aqSOA formation, MEK has to be considered for aqSOA as well, which could be a next 364 step in reducing the underestimation of the SOA burden by model studies. 
Oxidation product
